The authors report the incidence of cancer in a large cohort of employees identified from all 99 Danish utility companies. Personal data and information on employment and exposure to magnetic fields and asbestos were obtained from manual files at the companies, the Danish Supplementary Pension Fund, and the public payroll administration. A total of 32,006 individuals with more than 3 months of employment were linked with the files of the Danish Cancer Registry. The period of follow-up for cancer occurrence among the employees was from April 1968 through December 1993 in the study conducted from 1994 to 1997. Overall, 3,008 cancers were observed, with 2,825 expected, yielding a small but significantly increased risk of 1.06 (95% confidence interval 1.03-1.10) among the utility workers in comparison with the general population. No excess was observed for all leukemias or for cancers of the brain or breast among men or women. There was no association of electromagnetic field exposure with risk of these cancers, even when the level and length of exposure to magnetic fields were taken into account. Increased risks for cancers of the lung and pleural cavity were seen mainly for workers whose jobs involved exposure to asbestos. The results from this study do not support the hypothesis of an association between occupational exposures to magnetic fields in the electric utility industry and the risk for cancer. Am J Epidemiol 1998; 147:548-55. electromagnetic fields; neoplasms; occupational exposure
Occupational studies based on routinely collected data on cancer mortality or morbidity have shown that the risk for all types of leukemia is increased in workers whose jobs involve above average exposure to 50-Hz electromagnetic fields (EMFs) (1, 2) . A Swedish case-control study of leukemia that included direct measurements at the workplace indicated (after adjustment for potential confounding factors in the workplace) the existence of a dose-response relation between magnetic field strength and the risk for one particular subtype of leukemia, that is, chronic lymphatic leukemia (3) .
The results from a number of studies of utility workers are equivocal. A recent nested case-control study of electric utility workers in Quebec, Canada, and France showed an association between exposure to pulsed magnetic fields in the 50-to 60-Hz range and lung cancer (4) , which added to previous findings in the same cohort of 223,000 utility workers of increased risks of leukemia, particularly acute myeloid leukemia, and brain tumors (5) . A cohort study from the United States of 138,000 male electric utility workers employed at five electric power companies showed increased mortality from brain cancer, with a dose-response relation (6) ; however, another cohort study, of 36,000 utility workers from another part of the United States, found no increased mortality from leukemia or brain cancer after adjustment for potential confounding factors (7) . The most recently published nested case-control study, of brain cancer deaths within a cohort of more than 84,000 employees in the British national utility company, gave no indication of an association with exposure to EMF (8) .
In this paper, we report the incidences of cancer in a large, nationwide cohort of employees in Danish electric utility companies and compare them with the appropriate rates of cancer in the general population. The cancer pattern was examined with regard to the estimated average level of EMF exposure at work and the likelihood of exposure to asbestos.
MATERIALS AND METHODS

Study group
The study population consisted of employees at the 99 utility companies that supply all of Denmark with electricity. Thirteen of them were established between 1900 and 1919, 30 between 1920 and 1939, 1940 and 1959, and 17 between 1960 and 1979 . Basically, the cohort was established from employment records at each company. The quality of these records varied, but they generally included the name of employee, date of birth or personal identification number, information on job title and work tasks at the company, date(s) of employment, and date(s) of leaving.
Of the 65 companies that produced electricity privately, 62 had historical employment records for 22,080 employees with the date of first employment ranging from July 1908 to December 1993. In order to evaluate the companies' ability to identify former employees and to add information on workers employed in the remaining three private companies, we searched the files of the Danish Supplementary Pension Fund. This pension scheme, which is compulsory for wage earners 18-66 years of age, was established on April 1, 1964 ; it retains the personal data of the employee, the tax number of the hiring company, and the period of employment, as described in detail elsewhere (9) . As the files of the Pension Fund have no information on employment periods prior to April 1, 1964 , or any data on work activities, all workers identified through this source were subsequently evaluated by an experienced staff member at each of the companies involved, and anamnestic data on job titles and work tasks were added, together with information on employment periods held before April 1, 1964 . By this procedure we identified an additional 8,217 employees, yielding a total of 30,297 employees from privately owned companies.
In the historical employment records of the 34 publicly owned companies, a total of 15,987 employees were identified with the date of first employment ranging from November 1911 to December 1993. The tax numbers of the publicly owned companies are not unique for the production and distribution of electricity; they also include a number of other public services in the municipality such as water supply, road construction, kindergartens, and schools. Since workers in these kinds of public services would be included in any search of public tax numbers, the files of the Danish Supplementary Pension Fund were of no help. Instead, the completeness of the employment archives of these companies was checked against the files of the public payroll administration of all counties in Denmark, which retains the personal identification number and the period of employment of all employees since 1988. No missing employees were identified for the period from January 1, 1988 , to December 31, 1993. Addition of these workers to those of the private companies yielded a total of 46,284 employees in all Danish publicly or privately owned utility companies, with a first employment during 1908-1993 or 1911-1993 , respectively.
Exposure assessment
A dedicated job-exposure matrix was designed that distinguished between 25 different job titles held by utility company employees and 19 work areas within this industry. Each of the 475 combinations of job title and work area was assigned an average level of exposure to a 50-Hz EMF during a working day, which in turn was grouped into five categories of exposure to extremely low frequency EMF: background exposure (<0.09 /xT), low exposure (0.1-0.29 JU,T), medium exposure (0.3-0.99 /xT), high exposure (>1.0 ptT), and unknown exposure. The extremely low frequency EMF conversion program was constructed by four engineers from the utility companies experienced in the planning and operation of electric utilities in Denmark. The construction of the matrix was based partly on a series of 196 measurements of 50-Hz EMFs for 24 hours among 129 employees in six Danish utility companies and partly on judgments. The measurements were conducted during 1993 by the use of personal dosimeters with sampling of electric and magnetic fields every 5 seconds (10) . No additional measurements were performed during the present investigation. The individual exposure assignment was based on the characteristics of the first employment held; according to the company files, only 323 men and 97 women changed their job title during the period of employment. Finally, category-specific exposure levels were assumed to be unchanged over the entire study period. Table 1 gives examples of combinations of job titles and work areas with associated estimates of the average level of exposure to an extremely low frequency EMF over a full working day. Estimates of cumulative exposure to EMFs were based on the average exposure levels of employees and the duration of employment.
The same group of engineers established a similar, although more simple, job exposure matrix for asbestos with two exposure categories: no exposure and above average exposure at work. In Denmark, the industrial use of asbestos has been rigorously regulated since the early 1970s, which implies that workplace exposures are generally well documented and registered. No direct measurements of levels of exposures to asbestos or similar materials in utility companies were conducted. Both matrices can be obtained from the authors upon request.
Thus, by use of the job history and data from the matrices, rough estimates could be provided of the historical exposure to an extremely low frequency EMF and asbestos for each employee. 
Methods of study
Record-linkage techniques were used to trace workers through 1993. On April 1, 1968, the Central Population Register was established in Denmark, and all citizens were assigned a 10-digit personal identification number, which includes six digits for date of birth. By matching the study population against the Central Population Register, we identified 45,705 employees (98.7 percent) who were alive on April 1, 1968 ; the dates of subsequent emigration or death, if applicable, were then extracted from the files of the Central Population Register. The remaining 579 employees were linked to the National Death Certificate Files, which confirmed that 464 workers had died between January 1, 1943 (date of the start of the National Death Certificate Files), and March 31, 1968, leaving a total of 115 employees untraced (0.2 percent). The primary reasons for the presence of persons lost to follow-up were errors in the dates of birth as recorded in the company files, fundamental changes in names, and emigrations prior to April 1, 1968 , when the Central Population Register was established.
Because of the incomplete follow-up of persons deceased prior to April 1, 1968 (with the potential loss of some (although few) cancer cases), it was decided not to accrue person-years at risk prior to April 1, 1968 (see below), and both employees who died before April 1, 1968 {n = 464), and those still untraced (n = 115) were excluded from the study. We also excluded 177 employees (0.3 percent) because the date of first employment was missing. Estimations of the duration of employment, cumulative exposures, and latency periods for the remaining 45,528 employees were taken, however, from the date of first employment whenever it occurred during the recruitment period from 1908 to 1993 (employees from privately owned companies) and from 1911 to 1993 (employees from publicly owned companies). The present report covers 32,006 employees with at least 3 months of employment in any of the 99 utility companies (table 2) .
The study cohort was linked to the Danish Cancer Registry, which has been in operation since 1942 (11) . The period of follow-up for cancer occurrence among employees in both privately and publicly owned companies was taken from April 1, 1968, or the date of first employment, whichever came last, to the date of death, emigration, or December 31, 1993, whichever came first. Cancers were classified according to the modified Danish version of the International Classification of Diseases, Seventh Revision (11). National incidence rates, by sex and 5-year age groups and by calendar year periods for these tumor categories, were applied to the person-years under observation for the entire cohort in order to obtain the number of cancers expected had the cohort members experienced the same rate of cancer as that observed in the general population. Tests of significance and confidence inter- vals for the standardized incidence ratio (SIR), taken as the ratio of observed to expected numbers of cancers, were calculated using the Miettinen exact confidence limits when the observed number of cancers was small; otherwise, an accurate asymptotic approximation was used (12) . The relation between specific exposures to extremely low frequency EMFs and asbestos, cumulative exposures, and time from first employment (latency time) and the risk of cancer was analyzed, using a modified version of the FORTRAN computer program for cohort study analysis (13) .
RESULTS
The 32,006 employees (26,135 men and 5,871 women) included in the study accrued approximately 526,000 person-years of follow-up, with an average of 16.5 years. The mean age at first employment was 32 years for men and 28 years for women. The median time between first exposure and the end of follow-up was 18.5 years with a 25 percent percentile of 10.6 years and a 75 percent percentile of 28.0 years. The overall male/female ratio was 4.5 (table 2) .
Overall, 3,008 cancers were observed, with 2,825 expected, yielding a small but significantly increased SIR of 1.06 (95 percent confidence interval 1.03-1.10; 1.07 in men and 1.03 in women; table 3). The slight increase was due mainly to statistically significant excesses of cancers of the pleural cavity (SIR = 3.2; n = 36), gallbladder (SIR = 1.5; n =24), and nonmelanoma skin cancer (SIR = 1.2; n = 396) in men and of cancer of the lung in men (SIR = 1.1; n = 523) and women (SIR = 1.5; n -34) (table 3). No excess risk was seen for leukemia or cancer of the brain, and the reduction in the number of brain cancers in men was of borderline significance. Similarly, no excess was seen for any of the major subtypes of leukemia included in the analysis (table 3) . Only two cases of breast cancer were seen in men, with four expected; the risk for breast cancer in female employees was slightly, but nonsignificantly elevated (SIR = 1.1; n = 96).
No overall trend in the risk for cancer was seen over time since first employment (table 4) . Among men, an increasing trend was noticed for cancers of the pleural cavity, gallbladder, and nonmelanoma skin cancer in particular, while the trend for lung cancer was somewhat erratic. Among women, the risk for lung cancer 10 or more years after first employment was increased, with the highest level in the follow-up interval of 10-19 years. No trends in risk could be distinguished for leukemia or cancers of the brain or breast in any group of workers (table 4) . Table 5 gives the standardized incidence ratios of brain cancer and leukemia among men and of brain and breast cancer among women by the estimated level of work-related average exposure to EMF, stratified by increasing duration of employment (cumulative exposure). There was no indication of a link between cumulative exposure of EMF and the risk for any of these tumor types. In the low-exposure category, a significantly increased risk for brain cancer was observed among women (SIR = 9.2) based, however, on only two cases (table 5) . No pattern of associations that could suggest a link was revealed in longer duration analyses combining background and low EMF exposures in one category and medium and high EMF exposures in another (data not shown).
The occurrence of cancers of the lung and pleural cavity also seemed to be unrelated to the level of EMF exposure. The excesses of these cancers were confined mainly to workers in jobs involving exposure to asbestos (table 6). The increased risk for pleural cavity cancers among workers who were presumed not to • SIR, standardized incidence ratio; Cl, confidence interval.
have been exposed to asbestos indicates that asbestos may have been more widespread in Danish utility companies than predicted by the job-exposure matrix. The lung cancer pattern in women was similar to that of men (data not shown).
DISCUSSION
We observed a modest but significantly increased relative risk for cancers at all sites combined in a large nationwide cohort of 32,006 employees in Danish utility companies. No associations were found between exposures to EMF and cancers previously linked with EMF. Rather, we found increased risks for cancers of the lung and pleural cavities, which, however, seemed to reflect previous exposure to asbestos.
The relative risk for leukemia in our study was below unity, which is consistent with the findings of studies of utility workers in Sweden (14) , Norway (15) , and the United States (6) . In addition, a study based on information concerning disease and occupation from death certificates within the general population reported no association with mortality from leukemia (16) . These results contrast findings in a number of studies that are based on linking large databases of cancer cases with occupation. Four Nordic studies linking occupational data from national censuses with tumor information from nationwide and population-based cancer registries reported significantly increased standardized incidence ratios of 1.4-1.9 for leukemia for workers in occupations heavily exposed to EMFs in the extremely low frequency range (17) (18) (19) (20) . Likewise, our findings do not support the borderline increase in risk for leukemia reported in studies of broad categories of electrical workers in linkage studies in New Zealand (21), Los Angeles County (22) , and the United Kingdom (23) and in a follow-up study of US Navy personnel (24) . However, in these studies, job titles were just indicative of exposure to EMFs and, in only one study (22) , were direct measurements and adjustment of the effect of potential confounding performed. In linkage studies, exposure to EMFs is usually inferred from job titles with no information on duration or time period(s) of employment, and the potential effects of confounding, for example, from asbestos or solvents, cannot in general be disregarded as causal explanations. There- fore, the results from this type of study may be regarded more cautiously compared with results from cohort studies that involve actual EMF measurements and job-exposure matrices (5, 20) .
A Swedish case-control study based on measurements of current exposure of workers by personal dosimetry reported a significantly increased risk for chronic lymphatic leukemia, which remained high even after adjustment for potential confounders (3) . This finding contrasted with those of the several linkage studies that reported elevated risks for the myeloid subtype of leukemia and with a French-Canadian nested case-control study that also controlled for possible confounding but observed an increased risk for myeloid leukemia (5) . Chronic lymphatic leukemia and the myeloid subtype of leukemia are usually regarded as distinct entities, with different etiologies. In conclusion, studies based on relatively broad and inaccurate definitions of occupation and EMF exposure support the hypothesis of an association between electrical work and the risk of myeloid leukemia, whereas cohort studies that include exposure data inferred from job titles and area of work, as in the present study, or direct measurements tend to be negative. In addition, the lack of consistency in the results of the Swedish case-control study and the French-Canadian nested case-control study somewhat reduces the strength of the hypothesized association between occupational exposure to EMF and risk for leukemia (3, 5) .
Some of the previously mentioned linkage studies and other studies have added cancers of the brain and male breast and malignant melanoma to the list of cancers speculated to be associated with occupational exposure to EMF (2, (25) (26) (27) .
We found no link between extremely low frequency EMF exposure and brain cancer, which is in line with the results of a study of utility workers in California, which included direct field measurements (7), the French-Canadian nested case-control study (5) , and the UK study of a nationwide cohort of utility workers that included magnetic field measurements and assessments of exposure to potential confounding factors in the workplace (8) . Although many studies have reported an increased risk for brain cancer, a recent review by Kheifets et al. (27) of 29 studies provided no support to the hypothesis that exposure to EMF is causally associated with brain cancer.
There was no indication of an excess of breast cancer in men, although we cannot exclude with 95 percent confidence an increased relative risk of up to 1.8. The small excesses reported in a few studies may have been a result of multiple statistical testing (25, 28) .
The almost 3 times increased risk for cancer of the pleural cavities and the increased risk for lung cancer confirm previously reported associations between these cancers and exposure to asbestos in electrical workers (23, 29, 30) . The excess of nonmelanoma skin 0.7
• p < 0.05. t SIR, standardized incidence ratio. cancer in this cohort may be due to exposure to the sun during outdoor work or may be due to chance. This type of cancer has not previously been associated with exposure to EMFs.
Since the job histories of all of the utility workers could not be ascertained precisely in our study and because the job exposure matrix for 50-Hz magnetic field exposures was of a general nature, based on previous measurements on Danish utility workers (10) , some degree of misclassification of the exposure variable might have taken place. Such misclassification in cohort studies usually leads to attenuation of the relative risk, reducing the power of the study. Random misclassification should not, however, result in risk estimates below unity, as were observed in our study, for the types of cancer that a priori have been associated with increased risk. Furthermore, the information on jobs and workplaces, which included data on total length of employment, and the exposure matrix for magnetic fields were based on archival material and assessments made by skilled coworkers and experienced engineers in the power plant industry. In our opinion, this would limit the degree of random misclassification of EMFs and improve the cumulative exposure categorization over that obtained in census studies and other studies that rely on routinely collected data on occupation.
The Danish Cancer Registry records data from the entire population of the country, so that practically all cases of cancer among utility workers occurring after 1943 were identified. Furthermore, the files of the workers were established years before the cancer events reported to the Cancer Registry and were supported by personal data from the nationwide, compul-sory pension fund and the public payroll system kept for administrative purposes. The completeness of these registries of employments and cancer outcomes highly reduces the likelihood of selection and information bias.
In conclusion, our study based on a nationwide cohort of utility workers does not support the hypothesis of an association between occupational exposure to EMFs and the risk for cancer.
